r Physiologically relevant combinations of recombinant GABA A receptor (GABAR) subunits were expressed in HEK293 cells. Using whole-cell voltage clamp and rapid drug application, we measured the GABAR-subtype-specific properties to convey either synaptic or extrasynaptic signalling in a range of physiological contexts.
Introduction
GABA A receptors (GABARs), the major inhibitory neurotransmitter receptors in the mammalian central nervous system, are pentameric ligand-gated chloride ion channels, generally comprising two α, two β and either a γ2 or δ subunit subtype, with multiple subtypes of most of the subunits (α1-6, β1-3, γ1-3, δ, ε, π, ρ1-3 and θ) (Olsen & Sieghart, 2008) . This diversity of subunit subtypes and their resultant assembly into receptors allows for a potentially vast array of different pentameric GABARs. However, only a relatively limited number of subunit combinations have been found in GABARs in the brain, some of which are found ubiquitously (α1β2γ2) while others are expressed only in a distinct cell and brain region-specific fashion (Pirker et al. 2000; Hortnagl et al. 2013) . These patterns of expression are also highly dependent on the stage of brain development and may be severely disrupted in certain disease states. Since the pharmacological properties of GABARs are determined by their subunit combinations, changes in subtype expression have the capacity to profoundly alter the response of these receptors to some of the most clinically important neuropsychiatric medications. For example, when assembled with β and γ subunits, GABA A receptors containing α1, 2, 3 or 5 subtypes are highly sensitive to benzodiazepines, a class of drug used to treat a wide variety of illness, including epilepsy, anxiety and sleep disorders (Olsen & Sieghart, 2008) . However, α1 subtype-containing receptors are more sensitive to the sedative zolpidem than receptors containing α2 or α3 subtypes, and those containing α5 subtypes are completely insensitive to this drug, but are selectively inhibited by the benzodiazepine receptor inverse agonist, L655-708. In contrast, GABA A receptors containing α4 or α6 subtypes are insensitive to both diazepam and zolpidem. Similarly, αβδ GABARs are also insensitive to benzodiazepines, but are exquisitely sensitive to neurosteroids, ethanol and the soporific agent, gaboxadol (Mohler, 2006) .
Equally important to understanding GABAergic signalling is characterization of the responses conveyed by specific subunit combinations in response to endogenous GABA, a comparatively underexplored topic. Among neurotransmitter receptors, GABARs are unique for the remarkably diverse signalling modalities that they convey, ranging from phasic and tonic inhibition to excitatory responses. Previous work characterizing the properties of specific GABARs often focused on the properties needed to convey synaptic inhibition where GABARs are typically exposed to brief, saturating levels of GABA. However, tonic and slow phasic GABAR signalling may be even more important in some brain regions and cell types. Outside the synapse, a nearly constant low GABA concentration (ࣘ1 μM) (Hiller et al. 2007 ) produces small, but long-lived, currents that, owing to their long duration, may convey much more overall charge transfer over time than synaptic signalling (Mody, 2001) . These tonic currents are often mediated by a mixed population of subunit subtype combinations (Liang et al. 2004; Mangan et al. 2005) , although α4βxδ and α5β3γ2L (Caraiscos et al. 2004; Liang et al. 2004; Belelli et al. 2005; Cope et al. 2005; Scimemi et al. 2005) GABARs are particularly important in the thalamus and hippocampus, while α1βδ GABARs mediate tonic inhibition in the interneurons of the dentate molecular layer . In contrast to currents from GABARs containing αβγ subunits, currents from GABARs containing αβδ subunits tend to be much smaller and less strongly desensitizing , although most of this work has used α1βδ rather than the more ubiquitous α4βδ subunit-containing receptors found in native tissue. In brain, α5 subtype-containing receptors typically include β3 and γ2 subunits as well (Ju et al. 2009 ). While thalamic α4 subtypes typically assemble with the β2 subtype (Belelli et al. 2005) , it is less clear whether α1 or α4 subtypes preferentially couple with specific β subtypes in other regions (Mtchedlishvili & Kapur, 2006; Herd et al. 2007) , or whether these different α4βxδ subtype combinations even influence the properties of GABAergic signalling.
We hypothesized that the major GABARs expressed in brain will have very different properties optimized to specific forms of GABAergic signalling. To advance our understanding of how each of these GABARs responds to GABA in the synaptic, extrasynaptic and perisynaptic spaces, we used whole-cell voltage clamp of HEK293 cells transfected to express specific GABARs and drug application protocols to recapitulate both slow, tonic 'extrasynaptic' and fast, phasic 'synaptic' GABAergic signalling. Our particular focus was to compare the properties of α4βxδ and α5β3γ2L GABARs mediating tonic signalling in the thalamus and hippocampus, as well as the novel α1βδ isoform found in some interneurons, to those of α1β2γ2L GABARs, a widely prevalent GABAR isoform that clusters within synapses.
Methods

Expression of recombinant GABARs
Rat GABAR α1, α4, α5, β1-3, δ and γ2L subtype cDNAs were individually subcloned into the mammalian expression vector pCMV-neo. Deletion of an extraneous genomic sequence in the 5 untranslated region of the α4 subtype cDNA resulted in improved expression, as previously described (Lagrange et al. 2007) . All cDNAs were sequenced by the Vanderbilt University Medical Center sequencing core to confirm that they matched the published sequences for mature rat peptides (NP 899155, NP 542154, P19969, NP 037088.1, NP 032093, NP 037089.1, NP 899156 and NP 058985.1 for the α1, α3, α4, β1-3, γ2 and δ subunit sequences, respectively). The NCBI database reported two alternative versions of the α5 subtype sequence. The version of α5 with the accession number NP 058991.1 contains an arginine at residue no. 126 in the immature peptide, corresponding to the sequence 'LARK' in the N-terminal domain. This construct did not produce detectable currents when transfected into HEK293T cells. We did not attempt to determine if this lack of response was due to poor expression or non-functional GABARs. In contrast, the P19969 version contains a serine at the same site, producing the sequence 'LASK' in this region, and this produces robust currents when co-transfected with β3 and γ2L subunits, and therefore, this version was used in all experiments reported here. For the present study, specific subunit subtype combinations were chosen based on the predominant GABARs found in native tissue, including α1β2δ, α1β2γ2, α4β1-3δ and α5β3γ2L.
Human embryonic kidney (HEK293T) cells were plated at a density of 200,000-400,000 cells/60 mm culture dish and maintained in Dulbecco's modified Eagle's medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum and 100 IU ml −1 each of penicillin and streptomycin (Thermo Fisher Scientific) at 37°C in 5% CO 2 . On day 1, cells were transfected using a previously established calcium phosphate precipitation technique . A total of 12 μg of GABAR subunit-containing DNA was transfected with 4 μg of each subunit at a plasmid ratio of 1:1:1. Two micrograms of pHook-1 (Invitrogen) was also added so that immunomagnetic bead selection could be performed on day 2 (Greenfield et al. 1997) . Following selection, the cells were plated on 35 mm dishes, and recordings were made on day 3 approximately 18-36 h after selection.
Electrophysiological recording and drug application
Whole cell voltage-clamp recordings were performed on transfected HEK293T cells. All experiments were performed using a minimum of separate transfections for each set of experiments for each subunit combination. Cells were bathed in an external solution consisting of (in mM): NaCl 142, CaCl 2 1, KCl 8 MgCl 2 6, glucose 10, HEPES 10 (pH 7.4, ß320-340 mOsm) throughout the duration of the experiment. All recordings were obtained at room temperature. Glass micropipettes were formed from thin-walled borosilicate glass with a filament (World Precision Instruments, Sarasota, FL, USA) with a P2000 laser electrode puller (Sutter Instruments, San Rafael, CA, USA) and fire polished with a microforge (Narishige, East Meadow, NY, USA). Microelectrodes used for lifted cell recording had resistances of 1-2 M when filled with an internal solution consisting of (in mM): KCl 153, MgCl 2 1, HEPES 10, EGTA 5, Mg 2+ -ATP 2 (pH 7.3, ß300-310 mOsm). This combination of external and internal solutions produced a chloride equilibrium potential (E Cl ) of approximately 0 mV.
Cells were clamped at -20 mV using an Axopatch 200A amplifier (Axon Instruments, Foster City, CA, USA) amplifier. GABA was applied to the lifted cells via a three-, four-or six-barrel square glass pipette (Friedrich and Dimmock, Millville, NJ, USA). These multi-barrel pipettes were pulled on a P-87 Flaming-Brown (Sutter Instruments) electrode puller with custom made platinum-iridium filament and sanded to a final diameter of 200-400 μm for each barrel. The multi-barrel pipettes were attached to the Warner SF-77B Perfusion Fast-Step (Warner Instrument Corporation, Hamden, CT, USA) that allowed for rapid solution changes. All GABA application protocols began with a cell positioned in the flow of external bath solution from which the multi-barrel array was repositioned such that the unmoved cell and electrode were now exposed to GABA. The drug application was initiated by an analog pulse triggered by the pCLAMP 9 software (Axon Instruments) that caused the motor of the Warner Fast-Step to reposition the multi-barrel array from one barrel to another (e.g. external solution to GABA). Exchange times were routinely measured and always found to be <0.8 ms at an open electrode tip by stepping from control to dilute external solution. The exchange around an intact cell is assumed to be somewhat longer, but we have previously J Physiol 596.18 measured the whole-cell exchange to be on the order of 1 ms (Lagrange et al. 2007 ). This configuration allowed for a reasonable compromise between the need for rapid solution exchange with the ability to reproducibly apply multiple concentrations of GABA to each cell.
For generation of concentration-response relationships, GABAR currents evoked by randomly sequenced concentrations of GABA were recorded with at least 45 s of wash between each application. This time was empirically determined to be sufficient for complete recovery from desensitization for all the GABA concentration combinations tested. The use of six-barrel drug application pipettes allowed us to test several concentrations of GABA with each sweep of the pCLAMP protocol. The responses during concentration-response determinations and pre-application studies were normalized to the current elicited by 1 mM GABA in each cell after a prolonged wash in external solution during each sweep. Data were excluded if there was a greater than 20% rundown of the maximal response between sweeps.
The experiments characterizing tonic desensitization compared maximal GABA responses (1 mM GABA, 1-4 s) at baseline ('non-exposed' responses) to those maximal responses recorded following 45 s of low (0.3-3 μM) GABA ('pre-exposed'). To assess possible changes in the transmembrane chloride ion concentration gradient during prolonged GABA application, a brief voltage ramp protocol (−50 to +50 mV over 0.5 s) at both the beginning and end of the pre-exposure period was performed. These results were then compared to those obtained with an identical voltage ramp done after washout to determine the GABA current reversal potential.
Data analysis
Currents were low-pass filtered at 2 kHz, digitized at 5-10 kHz, and analysed using the pCLAMP 9 software suite. For those cells with very small (<50 pA) currents, rise time, desensitization and deactivation were not determined. To minimize the voltage error introduced by series resistance, we recorded the current amplitude from all cells, but only analysed the kinetic properties in cells with a peak current of less than 6 nA. We have determined this cutoff allows us to minimize this potential confound to 1-2 mV error in the holding potential (Rula et al. 2008) . Current amplitudes and 10-90% rise times were measured using the Axon Instruments Clampfit 9 software package. The desensitization and deactivation time courses of GABAR currents were fit using the Levenberg-Marquardt least squares method with up to six component exponential functions of the form: a n e (−t/τ n ) + C where t is time, n is the best number of exponential components, a n is the relative amplitude of the nth component, τ n is the time constant of the nth component, and C is the residual current at the end of the GABA application. If a specific component was not required to generate a good fit, that component was assigned an amplitude of zero. Additional components were accepted only if they significantly improved the fit, as determined by an F-test automatically performed by the analysis software on the sum of squared residuals. The time course of deactivation was summarized as a weighted time constant (τ w ), defined by the following equation: a n τ n a n . Fractional recovery between paired GABA applications was determined using the method of Overstreet and Westbrook (Jones & Westbrook, 1995) . In brief, the baseline current was defined as the residual current immediately before the second application. The fraction of activatable receptors was quantified by subtracting the baseline current from both the first and second peak currents, and then calculating the ratio of the second to first peak.
Prism 5 (GraphPad Software Inc, San Diego, CA, USA) was used to fit the concentration-response results to a sigmoidal function using the equation:
where I is the peak or steady state current at a given GABA concentration, and I max was the maximal peak current. Numerical data were expressed as mean ± SEM. Statistical analysis was performed using GraphPad Prism 5. Data were compared using a Mann-Whitney test for pairs of data, or a Kruskal-Wallis test for comparing three or more groups. Statistical significance was taken as P < 0.05.
Charge transfer was measured as the area under the curve for each GABA application using a stimulus-specific fixed window of time based on the minimum time it took for all responses to return to baseline. Of course, some responses returned to baseline sooner than others, resulting in the potential to measure noise around baseline current. However this amplitude was very small, and we empirically determined that shortening the measure window time for individual cells did not significantly alter the results. To allow for cell-to-cell variability in expression levels, each response was first normalized to that cell's peak response to 1 mM GABA. It is important to note, however, that because the ratio of peak/steady state response is isoform-specific, care must be used when comparing the absolute charge transfers reported here from one receptor isoform to another.
Results
Kinetic properties of GABA-evoked current activation and deactivation depended on GABAR isoform
We began these studies by first performing a side-by-side comparison of currents evoked from both 'extrasynaptic' and 'synaptic' GABARs by a synaptically relevant GABA concentration (1 mM). We performed whole-cell voltage clamp recording experiments using rapid GABA application to HEK293 cells that had been transfected with subunit combinations typically considered to produce extrasynaptic (α1β2δ, α4β1δ, α4β2δ, α4β3δ and α5β3γ2L) GABARs or typically considered to produce synaptic (α1β2γ2L) GABARs. We recorded the largest peak GABA-evoked currents (1 mM, 4s) from γ2 subtype-containing (α1β2γ2 and α5β3γ2) GABARs (Fig. 1) . We found that GABARs containing δ subunits also produced robust, albeit smaller, GABA-evoked peak responses (Fig. 1) .
The rate of activation powerfully shapes the response to rapid, brief 'synaptic' GABA application. Inclusion of the γ2 subtype helps anchor αβγ subunit-containing GABARs to the postsynaptic membrane (Essrich et al. 1998) , and we found that α1β2γ2L GABARs activated rapidly in the presence of a saturating GABA concentration (10-90% rise time = 1.45 ± 0.12 ms, n = 35; Fig. 2A ). While α5β3γ2 GABARs are typically thought to be extrasynaptic, they can also be found within synapses (Christie & de Blas, 2002) . We found that α5β3γ2L GABARs also activated somewhat rapidly (10-90% rise time of 2.26 ± 0.3 ms, n = 68; Fig. 2A ). In contrast, δ subunit-containing GABARs are typically found in the extrasynaptic membrane, where GABA levels are expected to change much more slowly. Accordingly we found that α1β2δ GABARs activated somewhat more slowly (10-90% rise time = 4.54 ± 0.31 ms, n = 67; Fig. 2A) . Furthermore, the prototypical extrasynaptic α4β2δ GABARs activated extraordinarily slowly, requiring tens of milliseconds to maximally activate even at supersaturating GABA concentrations (10-90% rise time = 21.11 ± 2.05 ms, n = 41; Fig. 2A ).
Despite the fact that synaptic GABA concentration reaches saturating levels (ß1 mM) for only a few hundred microseconds, GABA is still typically able to evoke maximal GABAR currents during IPSCs. However, this is not universally true, and some synapses with a high number of GABARs may be incompletely activated during individual synaptic events (Nusser et al. 1997) . Indeed, we previously showed that the low potency/slowly activating α3β3γ2L GABARs (10-90% rise times ß8 ms) expressed during development may not be fully activated by a brief (5 ms) application of 1 mM GABA (Rula et al. 2008; Fig. 2B and C) . The slow activation of α4βδ GABARs could be due to slow binding/unbinding or to slow gating of bound receptors. If the former is true, then very brief application of GABA should result in incomplete receptor activation. However, we found that brief (5 ms) application of 1 mM GABA evoked current from cells expressing α4βδ GABARs that continued to rise during the subsequent washout, eventually reaching a similar peak response to longer GABA applications ( Fig. 2B and C) . Thus, while α4βδ GABARs may detect very brief applications of GABA, they may be relatively insensitive to the exact timing of the exposure.
Current deactivation time course is a critical characteristic of GABARs, allowing them to convert the brief synaptic GABA signal into a postsynaptic response on a physiologically relevant time scale. Indeed, the vast majority of GABA-evoked charge transfer occurs during current deactivation following clearance of synaptic GABA. The time course of GABAR current deactivation is highly isoform-specific, so we next recorded GABA-evoked currents following fast, brief 'synaptic' GABA application (1 mM, 5 ms), which is the briefest application we were able to reliably achieve in our recording set-up. These currents were quantified by fitting them to multiexponential functions with up to four components, although most currents were relatively simple and required only two exponential functions to fit them. However, α5β3γ2L currents were more complex, usually requiring three or four similarly weighted components (Fig. 3 , Table 1 ). Following 5 ms GABA applications, the prototypical synaptic α1β2γ2L currents had a weighted deactivation time constant (τ w ) of 68 ± 8 ms (n = 10). In contrast, the deactivation of GABA-evoked currents from GABARs that typically mediate tonic inhibition (α4β2δ and α5β3γ2L) had very prolonged deactivation (τ w = 140 ± 10 ms (n = 8) and 204 ± 36 ms (n = 11), respectively). In contrast current deactivation was extremely rapid for α1β2δ GABARs (τ w = 37 ± 5 ms, n = 7)).
Kinetic properties of GABAR current desensitization
GABAR currents are prone to extensive desensitization during prolonged or repetitive GABA application. As is evident in Fig. 1 , the rates and extents of macroscopic desensitization during application of saturating GABA are GABAR isoform-dependent. To quantify desensitization, we recorded currents evoked by prolonged (30-60 s)
applications of a saturating concentration of GABA (1 mM). We found that fitting the first 30 s of desensitization was sufficient for all GABARs to reach an apparent steady state current and fitting longer epochs (45-60 s) produced identical results to those reported here. As a group, all currents were fitted best with up to six exponential functions. Current desensitization time constants from all recorded cells could be sorted into six discrete bins, τ 1 (<25 ms), τ 2 (25-160 ms), τ 3 (161-700), τ 4 (701-2000 ms) τ 5 (2001-9000 ms) and τ 6 (>9000 ms) (Bianchi & Macdonald, 2002) . While this classification scheme allowed us to describe all the subunit combinations reported here, the desensitization for each individual cell was usually fitted best with two to three exponential functions, the exception being α1β2γ2 current desensitization, which consistently required four exponential functions to accurately fit the data. When analysed in this fashion, we found that the contribution of each time constant (A 1-6 ) to the overall current desensitization time course was highly subunit-dependent, although the time constants themselves (τ 1-6 ) were not. Currents from the classically extrasynaptic α4βδ and α5β3γ2L GABARs had essentially no desensitization during the first 200 ms, but eventually
Norm. Current Figure 2 . Activation rate A, activation rates of GABA-evoked (1 mM) currents were highly isoform-dependent. Activation of the prototypical synaptic α1β2γ 2L isoform was significantly more rapid than other GABARs, while α4β2δ receptor activation was an order of magnitude slower than the others. Inset: average 10-90% rise times of peak currents. B, despite prolonged rise times, α4β2δ GABARs were near fully activated by brief (5 ms, 1 mM) GABA. For comparison, a similarly slowly activating isoform (α3β3γ 2L) is also shown, which is not fully activated by brief GABA applications. C, summary of relative peak currents evoked by brief (5 ms) GABA applications. * * * p < 0.001 vs α1β2γ 2L; † † † p < 0.001 vs α4β2δ x P < 0.05, xx P < 0.01 vs. theoretical value of 1 (Wilcoxon signed rank test). [Colour figure can be viewed at wileyonlinelibrary.com]
desensitized to an extent that was quite similar to α1β2γ2L currents (80-90%) (Fig. 4 , Table 2 ). There were no consistent differences in the kinetic properties of α4β1δ, α4β2δ and α4β3δ currents. In contrast, while α1β2δ currents had a small amount of rapid desensitization, they had distinctly low amounts of desensitization during prolonged GABA application (residual current of 35%). The rate of recovery from desensitization is also an important GABAR current kinetic property, particularly in physiological conditions with transient surges of higher GABA concentrations (e.g. following a barrage of presynaptic activity). However, the onset and recovery from desensitization may have more subtle effects as well. At the single-channel level, desensitization involves the process of equilibration into non-conducting states. This process begins immediately upon agonist binding, well before any macroscopic desensitization has begun and continues after the GABA exposure has ceased. This property of GABARs has been shown to be an important characteristic that shapes the rise time and peak current elicited by GABA application, as well as the ability of GABARs to respond to repetitive stimulation. For example, when pairs of saturating GABA applications with a brief intervening wash period are applied to macropatches taken either from hippocampal neurons or recombinant receptors in HEK 293T cells, the second current peak is severely truncated compared to the first (Overstreet et al. 2000; Lagrange et al. 2007) , despite the fact that each GABA application is far too brief to show macroscopic desensitization during the GABA applications. To determine whether a similar process might limit the ability of these receptors to respond to multiple brief applications of GABA, we applied a brief saturating GABA concentration (1 mM, 5 ms) followed by a variable interval before applying a second pulse of GABA. We then determined the fractional availability of activatable receptors by subtracting the residual current immediately before the second pulse. We found that, in contrast to our previous results using α1βγ2L GABARs, the α1β2δ and α4β3δ subunit transfected cells exhibited negligible suppression during pairs of GABA applications (Fig. 5 ). In contrast α1β3γ2L and α5β3γ2L subunit transfected cells were suppressed up to 50-70% with paired pulse intervals <240 ms.
One concern when working with cells that have been transfected to express multiple subunits is that some subunits may not actually be incorporated into Table 1 .) The amplitude of each component was compared across cells using a Kruskal-Wallis test, followed by a Dunn's post hoc test for selected pairs, using the prototypical synaptic (α1β2γ 2L) and extrasynaptic (α4β2δ) α 1 β 2 γ 2L 68 ± 8 1 . 8 ± 0.3 0.19 ± 0.10 0.78 ± 0.10 0.03 ± 0.02 0.00 ± 0.00 (n = 10) (n = 10) (n = 10) (n = 11) (n = 10) (n = 10) α 1 β 2 δ 37 ± 5 † † † 2.4 ± 0.1 0.64 ± 0.06 * * * , † † † 0.32 ± 0.05 * * * , † † † 0.04 ± 0.02 0.01 ± 0.01 (n = 17) (n = 17) (n = 17) (n = 17) (n = 17) (n = 17) α 4 β 2 δ 140 ± 10 * * 2.0 ± 0.2 0.00 ± 0.00 0.87 ± 0.03 0.13 ± 0.03 0.02 ± 0.01
204 ± 36 * * * 3.0 ± 0.1 0.35 ± 0.09 † † 0.27 ± 0.07 * * * , † † † 0.23 ± 0.07 * * 0.14 ± 0.03 * , † (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) (n = 11) 4000 ms GABA τ w No. of exponents A 1 (<30 ms) A 2 (30-180 ms) A 3 (181-700 ms) A 4 (>700 ms)
431 ± 53 * * * 3.0 ± 0.1 0.33 ± 0.05 0.22 ± 0.05 * * * 0.26 ± 0.03 0.14 ± 0.06
Deactivation responses following rapidly applied GABA were quantified by fitting to an exponential function with up to six components. Four exponential functions were sufficient to fit the data, and the time constants for those functions fell into four groups. Data were expressed as the weighted tau (τ w ) for each isoform, the number of components required to fit each response, and the relative contribution of each component (A x ) to the overall time course of deactivation. The amplitude of each component was compared across cells using a Kruskal-Wallis test, followed by a Dunnett's multiple comparisons post hoc test. * P < 0.05 vs. α1β2γ2L,
functional surface receptors. Along these lines, it has been hypothesized that a significant fraction of functional receptor pentamers expressed in cells transfected with α, β and δ or γ2 subunits are actually composed of binary αβ receptors (Wagoner & Czajkowski, 2010) , although others have found this not to be the case (Patel et al. 2014b) . We can exclude the possibility that α1β2 receptors significantly contributed to either the α1β2δ or α1β2γ2 datasets. Previous reports using single channel and macropatch recording have shown that α1β currents are much smaller than α1β2/3γ2 currents, as well has having simpler desensitization kinetics composed primarily of a single fast component. Similarly, the robust fast desensitization and extremely slow deactivation of α1β currents also differentiates them from α1β2/3δ currents. Like α1 subunit-expressing cells, we found that cells transfected with α5β3 subunits produced GABARs with current amplitudes (432 ± 114 pA, n = 14) that were less than 15% of those recorded from α5β3γ2L subunit transfected cells (Burgard et al. 1996) . However, the picture is less clear for α4βδ subunit-transfected cells. The maximal currents from α4βδ GABARs (878 ± 102 pA; 19.2 ± 1.5 ms rise times; n = 73) compared to α4β3 GABARs (362 ± 71 pA, 1.5 ± 0.5 ms; n = 10). Perhaps more importantly, α4βδ receptors exhibit minimal desensitization during brief exposure to saturating GABA concentrations. Therefore, to exclude a significant contribution of α4β GABARs, we included a subset of α4β3 subunit-transfected cells in the studies of recovery from desensitization. For these experiments, we chose to use the β3 subtype to allow comparison with previous results from our laboratory. We found that both α1β3 and α4β3 currents showed extensive desensitization with slow recovery, while α1βδ and α4β3δ currents had virtually no paired-pulse depression (Fig. 5 ).
GABA concentration dependence of GABAR activation
GABARs located outside the synaptic cleft, far from presynaptic release and reuptake sites, can be exposed to GABA levels that are quite variable. Therefore, we next characterized the concentration dependence of GABAR activation. Previous work has suggested that some tonic inhibition may be due to agonist-independent GABAR activity (McCartney et al. 2007; Tang et al. 2010) . To investigate the possibility that the GABARs studied here also produced spontaneous currents, cells were stepped from drug-free external solution to one containing the non-competitive GABAR antagonist picrotoxin alone to determine whether this induced an outward current. After a prolonged washout of picrotoxin, we then applied 1 μM GABA. This allowed us to confirm that each recorded cell expressed functional receptors, and provided a rough estimate of the relative current amplitudes evoked by picrotoxin, compared to extrasynaptically relevant GABA levels. In our transfection/recording conditions, the average picrotoxin-induced currents were less than 10 pA (<5% of 1 μM GABA), which was not significantly different from zero (data not shown). Having excluded significant spontaneous GABAR activation, we next generated GABA concentration-response plots by recording peak currents evoked by 4 s GABA applications (Fig. 6A ). The α1β2γ2 receptors had relatively low sensitivity to GABA (EC 50 = 16.1 μM), while the α4β2δ receptors had approximately 20-fold higher sensitivity (EC 50 = 0.74 μM). The remaining receptors had intermediate GABA sensitivity, with EC 50 values of 7.6 μM and 8.2 μM for α1β2δ and α5β3γ2 receptors, respectively. GABA binding occurs at the GABAR β-α interfaces and thus β subunit subtypes may contribute to determining GABAR potency. Arguably, the most well studied α4βδ subunit combination is the α4β2δ subunit combination found in the thalamic sensory relay nuclei. However unlike the consistent α5 and β3 subunit partnering found in vivo, there is evidence that all other β subunit subtypes can be found in α4βδ subunit-containing receptors expressed in other brain regions (Mtchedlishvili & Kapur, 2006; Drasbek et al. 2007) . We found that α4β2δ GABARs (EC 50 = 0.74 μM) were approximately twice as sensitive to low GABA as α4β1δ and α4β3δ GABARs (EC 50 = 1.36 and 1.89 μM, respectively) (Fig. 6A , Table 3 ). While this difference in potency was relatively modest, the 95% confidence intervals for the logistic equation fits for EC 50 of the α4β2δ GABAR (0.64-0.86 μM) did not overlap with the confidence interval for α4β1δ (1.08-1.71 μM) or α4β3δ (1.52-2.34 μM) GABARs. Moreover, the normalized responses to intermediate GABA concentrations (1-10 μM) of α4β2δ GABARs were all significantly greater than the responses evoked from α4β1δ or α4β3δ GABARs (P < 0.05 by 2-way ANOVA with Bonferroni's post hoc test). This effect of β subunit subtype seemed to be specific to α4βδ receptors. GABA EC 50 for α1β3δ GABARs (7.3 μM) was similar to that of α1β2δ GABARs. Moreover, subsequent experiments found that α1β2δ and α1β3δ currents had identical kinetic properties (peak current, 10-90% rise times, desensitization kinetics (4 s, 1 mM GABA), deactivation (5 ms or 4 s, 1 mM GABA)). Therefore, while data from these two subunit combinations were collected and initially analysed independently, the results were reported as a single, Table 2 for greater detail on kinetic data). C, the fractional current remaining in near equilibrium exposure to saturating GABA (residual current) was greatest for α1β2δ-mediated responses, as well a more modestly increased in α5β3γ 2L-mediated steady-state currents. (n = 17) (n = 17) (n = 17) (n = 17) (n = 17) (n = (n = 28) (n = 28) (n = 28) (n = 28) (n = 28) (n = 28)
Desensitization during prolonged (30 s) saturating GABA was quantified by fitting to an exponential function with up to six components, although most currents were best described with a combination two-to four-component exponentials. Data were expressed as the weighted tau (τ w ) for each isoform, the number of components required to fit each response, and the relative contribution of each component (A x ) to the overall time course of deactivation. The near steady-state current remaining after a 30 s GABA application is referred to as 'residual current'.
combined α1β2/3δ group. Similarly GABA potency was essentially the same using cells expressing α1β3γ2L and α1β2γ2L GABARs (EC 50 = 11 μM). However, while previous work from our laboratory reported higher GABA potency at α5β3γ2 than α5β1γ2 GABARs, we did not formally study α5β1γ2 or α5β2γ2 receptors (Fisher & Macdonald, 1997a) , as current literature indicates that α5 subunit-containing receptors preferentially partner with β3 and γ2 subunits in vivo (Olsen & Sieghart, 2009 ). We also determined the concentration dependence of activation rates, which could help determine GABAR responses to transient fluctuations in GABA. As shown in Table 3 , the rank order of potencies for activation rates were similar to those of peak current amplitudes (α4β1/2/3δ > α1β2/3δ ࣙ α1β2γ2/α5β3γ2), although the actual activation rate EC 50 values were approximately 10-fold higher than the peak current EC 50 values. This latter point highlights the fact that in the setting of transient GABA surges, even 'saturating' GABA levels (as assessed by peak current responses) can still elicit concentration-dependent effects on the kinetic properties of GABA-evoked currents, especially for α4βδ currents. In contrast, rise times of responses evoked with extrasynaptically relevant GABA (ß1 μM) concentrations were quite similar for all receptors (150-400 ms).
Concentration dependence of steady state responses
Given the extensive and isoform-specific differences in desensitization, peak current concentration-response curves may not provide an accurate picture of GABAR sensitivity in situations where GABA is slowly changing or constant. To characterize this parameter, we repeated these concentration-response curves using 30 s GABA application. The peak and steady-state responses to low levels of GABA were quite similar. However, we found that desensitization essentially truncated the maximal response to the higher GABA concentrations, resulting in an apparent leftward and downward shift in all of the concentration-response curves to prolonged application of GABA, when compared to their peak current responses. While the rank order of GABA potency was unchanged, the extent of this shift was highly subunit dependent (Fig. 6B , Table 3 ). Thus highly desensitizing α1β2γ2 receptors had a steady state EC 50 (2.27 μM) that was sevenfold lower than that of the peak responses, while α1β2δ receptor steady state EC 50 (4.52 μM) was relatively similar to the peak response EC 50 . For α4βδ GABARs, equilibrium GABA EC 50 values were all <500 nM, well within the range of levels thought to exist in the extrasynaptic space (Kennedy et al. 2002; Hiller et al. 2007; Meurs et al. 2008 ). However, unlike the peak responses, the higher potency of α4β2δ compared to α4β1,3δ GABARs was no longer apparent with steady state currents. Finally, α5β3γ2L receptors had a GABA EC 50 of 2.15 μM, similar to that of α1β2γ2L receptors.
Individual synaptic events can often be thought of as an all-or-none form of neurotransmission. In contrast, subsaturating extrasynaptic GABA provides a different, more graded form of signalling capable of upor down-regulating neuronal excitability. In this latter situation, the ability to respond to small changes in ambient GABA concentration may be vital to maintaining network excitability. To characterize this property, we determined the 'dynamic range' for each GABAR, which is defined as the GABA concentrations producing 30-70% maximal steady state GABA responses (Table 3) . We found that α4β2δ and α4β3δ GABARs were optimally sensitive to tonic GABA concentrations in the range of 100-500 nM, while α4β1δ GABARs had a nominally wider dynamic range that was not statistically different from α4β2δ or α4β3δ GABARs. In contrast, α5β3γ2L GABARs were better equipped to respond to changing GABA in the 0.6-7 μM range.
Charge transfer density: a metric of GABARs' response to intermediate fluctuations of GABA
We next sought to expand our characterization of GABAR currents beyond the very low, constant GABA concentration underlying tonic inhibition and the nearly instantaneous saturating GABA found in synapses. Between these two extremes lie a variety of transient physiological events with intermediate GABA levels, ranging from perisynaptic receptors that help shape the kinetics of individual IPSCs (Wei et al. 2003) , to slow IPSCs (Banks et al. 1998) (Capogna & Pearce, 2011) or to massive GABA surges that occur during seizures or following brain injury (Nilsson et al. 1990 (Nilsson et al. , 1996 . However, the exact profile of changing GABA is rarely known in these settings, and it would be impossible to mimic every combination of GABA concentration, duration and rate of change.
Moreover, our experience with slower GABA application techniques (solution exchange times of 5-100 ms) is that they are limited by poor control over the exact timing and duration of GABA application. Therefore, we used our high-precision rapid drug delivery system to measure isoform-specific charge transfer as a function of the duration of GABA application (5 ms to 20 s). These recordings were done using either 1 mM or 1 μM GABA, as representative concentrations at the high and low extremes of GABA thought to underlie transient extrasynaptic signalling. We then measured the charge transfer density (pA ms −1 ) as the area under the curve for these GABA evoked currents, divided by the duration of GABA application (Fig. 7) .
At this point, it is worth addressing the issue of cell-to-cell variability in GABAR subunit expression. Our laboratory, and others, typically corrects for this problem by normalizing current amplitudes to the peak current evoked by saturating GABA (1 mM in these experiments). However, given isoform-dependent differences in binding/gating kinetics, it is difficult to correlate receptor number with current amplitude. For example, even with identical surface expression levels of α1βγ and α1βδ transfected cells, the peak current 10 100 1000 10000 Interval (ms) Figure 5 . Recovery for desensitization A, recovery from desensitization was quantified using pairs of quasi-synaptic GABA applications (5 ms, 1 mM) with variable intervals between applications. The fractional recovery was calculated (Peak 2 − Pre 2 )/(Peak 1 − Pre 2 ), where Peak 1 and Peak 2 refer to peak current amplitudes following the first and second GABA applications, and Pre 2 refers to the residual current still present immediately before the second application. B and C, to confirm the presence of ternary αβδ, we compared recovery from desensitization in HEK cells transfected with α1 + β3 vs. α1 + β3 + δ cDNAs, as well as cells transfected with α4 + β3 vs. α4 + β3 + δ cDNAs. [Colour figure can be viewed at wileyonlinelibrary.com] J Physiol 596.18 amplitude is severalfold lower for α1βδ GABARs, in part due to smaller single channel conductance and briefer openings (Bianchi et al. 2007) . Therefore, the same number of α1β2δ and α1β2γ2 GABARs is expected to have a sevenfold difference in current amplitudes. Thus, it may be misleading to directly compare the magnitude of charge transfer from one GABAR isoform to another. Therefore, these charge transfer profiles should be interpreted primarily as a measure of each GABAR isoform's response to a range of GABA durations, rather than inter-isoform comparisons. However, this may be less of a concern when comparing α1β2γ2 and α5β3γ2 GABARs since they had similar peak current amplitudes, and previous work has shown similar single-channel properties (Burgard et al. 1999) .
Not surprisingly, we found that α1β2γ2 GABARs were optimally tuned to respond to brief exposure of high GABA concentrations, but were less sensitive to prolonged GABA application (Fig. 7) . Similarly, the responses of α4βδ and α5β3δ GABARs to saturating GABA were also greatly attenuated during prolonged exposures. In contrast, α1β2δ GABAR currents were much less sensitive to the duration of saturating GABA. To quantify these differences, we performed a linear fit to the log-log transformed data from Fig. 7 . We found that the slope of α1β2δ currents evoked by 1 mM GABA was much lower (−0.33 ± 0.04) than the slopes of α1β2γ2 (−0.49 ± 0.04), α4β2δ (−0.52 ± 0.06) and α5β3γ2 (−0.58 ± 0.05) currents, indicating that α1β2δ charge transfer density was relatively similar for both brief and prolonged 1 mM GABA applications.
Most GABARs produced low, relatively constant responses to 1 μM GABA, consistent with the long-lived tonic currents seen in intact neurons (Fig. 7) . In contrast, the highly sensitive α4β2δ GABARs produced high amplitude responses to brief transients of low GABA concentration that were approximately 40-fold higher than those evoked by 30 s of 1 μM GABA. A similar preferential response to brief exposure to low GABA was seen from α4β1δ and α4β3δ receptors, although the differences between 5 ms and 30 s responses were less dramatic than those recorded from α4β2δ receptors. Furthermore, desensitization was sufficiently profound to render α4βδ receptors essentially unable to differentially respond to prolonged levels of 1 μM or 1 mM GABA. Thus, within the range of GABA concentration expected in the extrasynaptic space, α4βδ GABARs were optimally tuned to detect small changes in both the concentration and the duration of ambient GABA. In contrast α1β2δ and α5β3γ2 GABARs produced relatively duration-independent responses to 1 μM GABA.
Tonic desensitization
The preceding experiments all measured GABA-evoked currents from a nominally GABA-free baseline. This approach is widely used as it simplifies experiments and is thought to recapitulate the synaptic environment Activation rates (inverse of the 10-90% rise times) were fit to the logistic equation to calculate the GABA EC 50 and maximal activation rates for each isoform. Since we are interested in the kinetic properties of peri/extrasynaptically relevant fluctuations, we also report the 10-90% rise times in the presence of 1 μM GABA. To allow comparisons to the physiological environment, the 10-90% rise times in 1 μM GABA are also reported.
quite well. However, the perisynaptic GABA transporters (GATs) that maintain negligible baseline GABA concentrations within the synapse are less highly expressed in the extrasynaptic spaces (Beenhakker & Huguenard, 2010) . This leads to incomplete clearance of ambient GABA that thereby produces tonic inhibition. However, even very low levels of ambient GABA will allow local GABARs to accumulate into prolonged, GABA-bound, non-conducting desensitized states. This may therefore create areas in which low GABA levels produce barely detectable tonic inhibition, but nonetheless curtail the ability of cells to respond to surges of higher GABA concentration, as we have shown previously for α1β3γ2 and α4β3γ2 GABARs (Lagrange et al. 2007) . Given the isoform-specific desensitization and GABA potency described above, we next sought to determine how low baseline GABA levels might shape the responses from GABAR isoforms involved with extrasynaptic signalling. To formally quantify this property, cells were incubated for 45 s in 0.3-3 μM GABA (pre-application) followed by application of saturating concentrations of GABA (1 mM). These responses to 1 mM GABA are referred to as 'pre-exposed' . Following a washout, the responses to 1 mM GABA were again measured ('non-exposed) and used to normalize all of the pre-exposed responses (Fig. 8A) .
We have shown previously that this prolonged GABA application strategy does not lead to rundown of the Cl − gradient in HEK cells (Lagrange et al. 2007 ) and confirmed these findings in a subset cells (not shown). Compared to the non-exposed responses, prior application of tonic, low GABA did not change the potency, but did significantly suppress the maximal GABA response, especially for α4βδ and α5β3γ receptors (Fig. 8B) . We found that even 0.3 μM GABA was able to attenuate maximal GABA responses from α4β2δ GABARs, and more modestly from α4β3δ and α5β3γ2 GABARs. Higher GABA concentrations (1-3 μM) were able to suppress maximal responses from α1β2δ GABARs as well, although α4β3δ currents were consistently more attenuated than α1β2δ or α5β3γ2 currents.
Discussion
GABARs are ubiquitously expressed by essentially every neuron in the mammalian brain, with at least a dozen different subunit combinations found in vivo. While some GABAR isoforms (α1βγ2) are ubiquitous, others have highly restricted patterns of expression that depend on developmental stage, location and cell type. This diversity allows certain GABAR subunit combinations to play task-specific roles in GABAergic signalling. For example, γ2 subunit-containing GABARs tend to cluster postsynaptically, and their biophysical properties are ideally suited to provide large, rapidly activating responses to the very brief pulses of saturating GABA generally found with quantal release of GABA into the synaptic cleft. Additionally, subunit identity also determines how physiological signals regulate GABAR signalling. For example, δ subunit-containing GABARs are especially sensitive to regional changes in neurosteroid levels, while the identity of β subunit-specific phosphorylation allows intracellular kinases to differentially regulate surface expression in response to activity changes (Tang et al. 2010; Bohnsack et al. 2016) . Nonetheless, interpreting the physiological significance of these expression patterns is hampered by the limited work characterizing physiologically relevant GABA-evoked current kinetic properties, and the work that has been done is often focused on synaptically relevant GABA exposure. The aim of our work has been to perform a side-by-side comparison of how the most ubiquitous non-synaptic GABAR isoforms may function in several specific physiological contexts.
Specific modes of GABAergic signals
The ubiquitous α1βγ2 subunit-containing GABARs found in postsynaptic clusters are rapidly activating Figure 8 . Tonic desensitization A, to determine the effect of prior agonist exposure on GABA-evoked responses, cells were recorded for 45 s in a range of low GABA concentrations before applying a saturating (1 mM) GABA application to determine remaining peak responses. Following another 45 s of washout in GABA-free external solution, a second application was applied to determine maximal peak response for each cell. In a subset of cells, saturating GABA was also applied prior to these experiments, which resulted in maximal peak currents identical to those seen after GABA washout. Arrows refer to brief voltage-ramp protocols that were used to confirm maintenance of the Cl − gradient during prolonged GABA (see Methods for details). B, GABAR isoform-dependent vulnerability for low GABA concentrations to suppress subsequent responses to high level of GABA. Of note, α4β2δ was only tested with pre-exposure to 0.3 μM GABA. Ratio of pre-exposed vs. non-exposed GABAR currents were compared to a theoretical value of 1.0 using a Wilcoxon signed rank test ( x P < 0.05, xx P < 0.01). [Colour figure can be viewed at wileyonlinelibrary.com]
and more slowly deactivating, but highly desensitizing and relatively insensitive to low GABA concentrations. These properties allow postsynaptic responses to the evanescent (ࣘ1 ms) peaks of very high GABA (ß1 mM) concentrations that are robust and have high temporal fidelity to synaptic inputs (Jones & Westbrook, 1995) . In contrast, extrasynaptic GABARs that mediate tonic current (e.g. α4βδ, α5β3γ2 receptors) need to be sensitive to the low GABA levels found there, while temporal precision is a much less important parameter in this environment of constant/slowly changing GABA levels. Between these two extremes, subsets of GABA A receptors may have different rates of activation, desensitization and deactivation, thereby allowing for maximal responses to specific frequencies, durations and concentrations of local GABA. Our results, as well as previous studies (Mortensen et al. 2012) , may help elucidate the range of GABAergic signalling conveyed by individual GABAR subtypes in a variety of physiological contexts.
Synaptic GABA. Compared to α1βγ2 GABARs, synapses containing other subunit combinations (e.g. α3β3γ2 or α5β3γ2) may produce IPSCs with slower kinetic properties and less temporal precision of individual synaptic events. However, the slower deactivation rates of α5β3γ2 GABARs will produce more long-lived IPSCs and allow temporal summation from multiple presynaptic inputs to a particular cell. Moreover, while the extensive desensitization of α1β2γ2 and α5β3γ2 GABARs limits their responses to high frequency input from a given synapse, this is a much slower process for α5β3γ2 GABARs, thus allowing them to respond to more prolonged bursts of synaptic activity. Finally, GABAR subtype-dependent differences in GABA potency may also help define the specific role of some GABARs in synaptic function. For, example, while GABA concentrations are thought to be near-saturating in most synapses, this may not be true in α3β3γ2 subunit-containing synapses. While α3β3γ2 GABARs have slower kinetic properties, GABA EC 50 of this GABAR isoform is 10-to 20-fold higher than that for α5β3γ2 receptors (Rula et al. 2008) . This property may produce submaximal synaptic responses but also allow for an unusual form of temporal summation during high-frequency input from individual synapses.
Tonic GABA. Outside the synaptic cleft, slowly changing/constant ambient GABA levels in the range of 50-200 nM have been reported from microdialysis studies (During et al. 1995) . These levels may be increased several fold during seizures (Meurs et al. 2008 ) and brain injury, and in extreme cases reach as high as ß1-4 μM (Inglefield et al. 1995; Hiller et al. 2007) . The ultrasensitive α4βδ subunit-containing GABARs would be suited best to respond to these very low GABA concentrations. In contrast, while α5β3γ2 GABARs are less sensitive to low GABA concentrations, their microscopic gating properties allow for significantly greater single-channel charge transfer. Thus, a mixed population of α4βδ and α5β3γ2 GABARs may allow for a low level of tonic inhibition during stable submicromolar GABA levels, which then becomes significantly larger once GABA concentrations reach a level capable of activating α5β3γ2 GABARs (Scimemi et al. 2005) . While the GABA EC 50 defined by peak current amplitudes is certainly an important parameter in defining the GABA concentration-dependent responses of specific GABARs, desensitization also plays a crucial role in defining the GABA concentration dependence for a given GABAR isoform. Desensitization of GABARs is thought to be integral to GABAR channel activation, in which individual GABA-bound receptors eventually transition to long-lived closed states. This process begins immediately with GABA binding. The slow activation/desensitization rates seen with low levels of GABA make it impossible to appreciate desensitization from the macroscopic currents. However, a comparison of maximal responses from peak and steady-state concentration-response curves in Fig. 6 show clear desensitization in response, even with very low GABA concentrations. We found that both α4βδ and α5β3γ2 receptors desensitize extensively (>80%) during prolonged GABA exposure, and that while prolonged GABA application did not alter GABA potency to low GABA concentrations, there was extensive truncation of the maximal responses. This leads to an apparent leftward shift in the concentration-response curves, so that the EC 50 of tonic GABA currents was severalfold lower than the EC 50 for peak currents. Moreover, in situations where tonic inhibition is physiologically variable, it may be important for cells to detect changes in ambient GABA. As a way of quantifying this property, we defined a 'dynamic range' of GABA for each subunit combination as the GABA concentrations producing 30-70% maximal steady state responses. We found that α4βδ GABARs are most sensitive to ß100-800 nM GABA, while α1β2γ2, α1β2δ and α5β3γ2 GABARs are tuned to detect changing GABA levels in the 1-10 μM range. However, it is also worth noting that while steady-state current amplitudes that were only 10-20% of peak current for most GABARs, α1β2δ are distinct in their resistance to desensitization and may therefore allow for continued tonic inhibition even during prolonged exposure to high levels of GABA.
Transient GABA fluctuations. Equally important, but harder to quantify, are the GABAR-mediated responses to transient peri-and extrasynaptic fluctuations in GABA. For example, GABA transporters (GAT1 and GAT3) provide avid GABA reuptake that imposes very tight constraints on the spatiotemporal concentration J Physiol 596.18 profile of synaptically released GABA (Beenhakker & Huguenard, 2010) . Nonetheless, significant amounts of GABA may escape the confines of the synaptic space, depending on differences in synaptic geometry, presynaptic activity and/or transporter efficacy. Indeed, synaptic overspill is thought to be the primary source of extrasynaptic GABA in some brain regions (Bright et al. 2007; . Thus, GABAergic signalling may be likened to a spatiotemporal landscape of GABA concentrations, with flat plains of tonic GABA, sharp spires of synaptic GABA, and intermediate geographic features such as foothills (synaptic overspill) and slow rolling hills (activity-dependent fluctuations in low GABA concentrations). The topography of this landscape is largely defined by a combination of factors, especially interneuron and GABA transporter activity levels. While it would be impossible to exhaustively test every GABA concentration/duration application combination possible for each subunit combination, our results allow hypothesis formulation for isoform-specific physiological roles during transient GABA surges.
Extra-and perisynaptic GABA receptors have been hypothesized to shape the duration of synaptic events by responding to surges of low GABA levels that may spill out of the synaptic cleft. For example, electron microscopy studies have shown that both α4 and δ subunit expression are particularly high in the immediate perisynaptic space (Sun et al. 2007) , while α5 subunit-containing GABARs can be found near synapses, as well as extrasynaptically (Serwanski et al. 2006) . Synaptic inputs to the dendrites of hippocampal dentate granule cells, where α4 and δ expression are particularly high, have prolonged tail currents during spontaneous and evoked IPSCs (Spigelman et al. 2003) , which are absent in δ subunit knockout mice. On the other hand, 'spillover' from one GABA compartment to another may inhibit GABAergic responses. For example, unlike the hippocampus, α4β2δ GABARs in the thalamus do not produce synaptic tail currents, thanks to the higher ambient levels of extrasynaptic GABA that render these receptors largely desensitized (Bright et al. 2011) . As another example, because some GABARs are highly desensitizing, exposure to even low levels of GABA between synaptic events can greatly attenuate IPSC amplitude. This leads to possible synaptic cross talk, thereby producing reduced responses to GABA or even inhibitory failure during periods in which excessive activity produces an increase of ambient GABA (Overstreet et al. 2000; Overstreet & Westbrook, 2001 ).
How kinetic properties shape GABAR isoform-specific responses
Role of potency. Perhaps in response to the range of GABA concentrations found in vivo, mammals have evolved a cohort of GABAR isoforms capable of preferentially responding to either very high or very low GABA concentrations. Based on work from our laboratory and others, GABAR subunit combinations seem to be tuned to respond to specific GABA concentrations and can be summarized as four classes of ultrasensitive (submicromolar EC 50 values; α4βδ, α6βδ), high potency (low micromolar EC 50 values, α1βδ, α5β3γ2), 'standard' potency (EC 50 values 10-20 μM, α1βγ2, α4βγ) and insensitive (EC 50 100 μM, α3β3γ2) receptors. Furthermore, the identity of the β subunit may further refine this parameter. We found that α4β2δ receptors have a nearly threefold lower EC 50 than α4β1δ and α4β3δ receptors, similar to previous reports (Mortensen et al. 2012) . One possible explanation for the higher sensitivity of α4β2δ GABARs may be that, despite having extracellular N-terminal sequences of β1-3 subtypes that are >90% identical, one of the notable exceptions is the 'C loop' mediating direct GABA binding/unbinding to the receptors. Therefore, α4β2δ receptors may have a higher microscopic affinity for GABA (defined by the ratio of k off /k on ) than α4β1δ or α4β3δ receptors. This could also explain why α4β1-3δ GABARs had similar sensitivity to tonic GABA exposure. If transitions among microscopic states of the bound receptor are much slower than binding/unbinding rates, then microscopic gating may be the rate limiting steps defining the equilibrium between GABA-bound and unbound receptors, and therefore overall open probability (Bianchi & Macdonald, 2001 ).
Role of desensitization.
Our results further expand the repertoire of ways in which desensitization may help shape GABA signalling in vivo. For example, unlike the rapidly desensitizing α1β2γ2 and α5β3γ2 GABARs, the minimal fast desensitization of α4βδ GABARs should allow them to respond effectively during brief bursts of high frequency synaptic activity. Of course, α4 and δ GABAR subunits do not typically cluster within synapses but may be found concentrated in the immediate perisynaptic space and thus may be exposed to synaptic overspill. Furthermore, most extrasynaptic GABA in some areas may arise from overspill, with regions of transient, high GABA concentrations near active synapses and steady, low levels of GABA found elsewhere. The exact spatial extent of high vs. low GABA concentrations will be highly dependent on GABA clearance mechanisms, especially synaptic GAT1 and peri-extrasynaptic GAT3. One might therefore envision a 'shell' of GABA around very active synapses, with highly sensitive α4βδ receptors being able to respond to a larger volume of synaptic overspill. However, paradoxically, the extensive slow desensitization of α4βδ receptors that occurs with even submicromolar GABA concentrations renders them especially sensitive to the effects of incomplete GABA clearance as occurs with some antiepileptic medications or synaptic crosstalk from nearby high activity synapses (Overstreet et al. 2000) . This balancing act of activation/desensitization in response to low GABA levels is thought to explain the lack of δ subunit-containing GABAR-mediated tail currents following sIPSCs and eIPSCs in the thalamic lateral geniculate nucleus, despite high levels of α4 and δ subunit expression (Bright et al. 2011) , while α3β3γ2 receptor expressing cells in the nearby thalamic reticular nucleus have robust eIPSC tail currents (Herd et al. 2013) . Similarly, the higher GABA EC 50 of α5β3γ2 receptors means that they are less sensitive than α4βδ receptors to tonic desensitization. Thus, α4βδ and α5β3γ2 receptors may be tuned to optimally respond to different ranges of GABA concentration, with α4βδ receptors responding best during submicromolar tonic GABA, as well as transient surges of GABA from a near-zero baseline. In contrast, α5β3γ2 receptors will provide robust responses to higher GABA levels, even in the presence of low basal GABA concentrations. For example, in epileptic rats, there is a large increase in α5 subtype expression, but the corresponding increase in tonic inhibition is only seen when either ambient GABA or hippocampal circuit activity is increased (Scimemi et al. 2005) . Another factor to consider is that differences in patterns of GAT1/GAT3 expression may create microdomains of ambient GABA concentration (Beenhakker & Huguenard, 2010) . Thus, these regions of high GAT activity may shift the balance of α4βδ versus α5β3γ2 GABAR-mediated currents. Furthermore, the disrupted GAT activity found in some models of epilepsy and following stroke (Dalby, 2003; Clarkson et al. 2010 ) may further alter the relative contribution of specific GABAR isoforms to total GABA signalling.
Macroscopic desensitization profoundly shapes the responses of most GABARs, with α1βδ receptors being a notable exception. The rapid activation and deactivation of these currents allow them to respond to increased interneuron activity with crisp on/off responses with high temporal fidelity to the beginning/end of that activity. However, these responses will not provide significant synaptic summation or depression during high activity and are also insensitive to predesensitization. Since this particular subunit combination appears to be predominantly expressed by interneurons Milenkovic et al. 2013) , this may allow them to provide a robust, time-sensitive 'brake' to excess activity within interneuron circuits.
Caveats of current results
Our primary aim for this study was to elucidate the physiological roles of GABAR subtypes mediating non-synaptic inhibition. However, there are some important technical caveats to applying these results to understanding in vivo GABAergic signalling. In order to allow comparison to previously published work, we used symmetric intra/extracellular Cl − concentrations. While intracellular Cl − concentration and holding voltage could theoretically alter GABA-evoked current amplitudes and kinetic problems, the scant literature on this topic suggests that any such effects may depend on the direction of Cl − flow through the pore (Moroni et al. 2011) . Therefore, we did not pursue this possibility in the current work, as it would have required a range of holding potentials and intracellular Cl − concentrations for each subunit combination. Similarly, recording temperature is an important modifier of synaptic transmission in brain. However, recording at more physiologically relevant temperatures greatly impairs the ability to form and maintain good electrode seals. Use of physiological recording temperatures was not feasible in these experiments, given very prolonged drug application protocols and the high rate of flow needed to maintain submillisecond exchange times with our drug delivery system.
Single α, single β conditions. For the sake of simplicity, we designed our experiments using only a single α and single β isoform for each transfection. While it is clear that native, pentameric receptors may contain multiple subunit isoforms (Fisher & Macdonald, 1997a; Brickley et al. 1999; Sieghart & Sperk, 2002; Hutcheon et al. 2004; Olsen & Sieghart, 2008) , transfections using multiple isoforms of each subtype (e.g. (α1α5)(β2β3)δ) would require an untenable number of transfection conditions. Moreover, there is no simple way to control the combinations that get incorporated into pentamers using freely assembled subunit. In other words, transfection with α1 + α5 + β3 + γ2 could produce a variety of combinations, including α1α5β3γ2, α1β3γ2 and/or α5β3γ2, which we would find very difficult to distinguish with our current experimental set-up. Indeed, if one subunit isoform is expressed/assembled much more efficiently than the other, transfecting a mixture of subunit isoform cDNAs provides no guarantee of what actually gets expressed on the surface.
GABAR receptor subunit stoichiometry. We used a standard transfection technique with equal microgram quantities of α, β and either γ2 or δ expressing plasmids, which has been widely used as an effective method for producing 2α:2β:1δ or 2α:2β:1γ2 subunit-containing surface receptors Chang et al. 1996; Tretter et al. 1997; Farrar et al. 1999; Akk et al. 2004 ). However, it is possible that the currents recorded here were partly mediated by receptors with alternative stoichiometries. Indeed, α1β3 subunits have been shown to form functional receptors , and immunoprecipitation studies have suggested that α4βx binary receptors may be J Physiol 596.18 present in rat brain (Bencsits et al. 1999) . Nonetheless, previous work using single channel and macroscopic current recordings has led to the conclusion that binary αβ receptors contribute negligibly to the whole-cell currents in immortalized cells transfected with α1βγ2 (Fisher & Macdonald, 1997b) , α1βδ (Fisher & Macdonald, 1997b) , α4βδ (Akk et al. 2004; Feng et al. 2006; Patel et al. 2014a) , or α5β3γ2 (Burgard et al. 1996) GABAR subunits. Moreover, our own data further indicate a minimal role of binary αβ receptors mediating the GABA-evoked responses from the αβδ or αβγ2L subunit transfected cells used in these experiments.
There has been some controversy regarding whether recombinant receptors in artificial expression systems accurately recapitulate the predominantly 2:2:1 α:β:δ/γ stoichiometry of GABAR pentamers found in brain. For example, Wagoner and Czajkowski (2010) used immunoprecipitation with mutant GABAR subunit proteins to show that GABARs with multiple δ subunits are formed when transfected with excess α and δ (compared to β) cDNAs. However, these studies did not determine whether these multiple-δ GABARs are functional in HEK cells. Furthermore, work from a number of laboratories has confirmed that similarly transfected HEK cells produce predominantly 2α2β1δ GABAR stoichiometries using cDNA transfection ratios ranging from 1:1:1 to 1:1:10 (α4:β:δ) (Barrera et al. 2008; Eaton et al. 2014; Patel et al. 2014a) . In contrast, oocytes injected with excess δ-cRNAs are capable of forming receptors which appear to include multiple δ subunits with extraordinarily high GABA potency (EC 50 <50 nM) (Karim et al. 2012; Eaton et al. 2014) . However, the physiological relevance of this combination is unclear, since oocytes are known to create combinations that are not found in mammalian tissues (Eaton et al. 2014; Lee et al. 2016) . More importantly, the fact that we recorded negligible (ࣘ10% of maximal) responses to <100 nM GABA indicates that these super-sensitive combinations with two δ subunits are unlikely to be contributing to the data reported in this paper. Finally, we have recently shown that using high efficiency transfection techniques actually requires very little δ/γ2 cDNAs to produce GABA-evoked currents consistent with α1βδ or α1βγ2 GABARs found in brain (Botzolakis et al. 2016) . In fact, we found that transfections with molar excess of δ or γ subunit-containing cDNAs produced lower surface protein expression, very small GABA-evoked currents and eventual cell death. To avoid these confounds, we used a relatively low efficiency transfection technique (calcium phosphate). This approach avoids some of the apparent plasmid overload problems that occur with α, β, δ transfections using more efficient techniques. Moreover, extensive previous work from our laboratory has found using 1 μg of each subunit cDNA produces GABA-evoked currents with low cell-to-cell variability of current amplitudes and kinetic properties.
Summary
Our findings help define how specific non-synaptic GABAR isoforms may respond to different modes of GABAergic signalling. For example, α4βδ GABARs are optimally tuned to respond to very low, constant GABA concentrations. They also produce prolonged responses to brief surges of GABA, thanks to their slow kinetic properties, but their extensive desensitization also limits their ability to detect changing GABA levels ࣙ1-2 μM. In contrast, the slightly less sensitive α5β3γ2 GABARs may be better suited to detect tonic GABA concentrations in the 0.5-7 μM range, as well as producing rapid onset/slow offset responses to transient surges in intermediate GABA levels. Finally, α1β2δ GABARs appear well suited for detecting the onset/offset of interneuronal activity, as well as maintaining GABAergic responses even in the setting of prolonged exposure to very high GABA concentrations. Since both GABAR isoform expression and ambient GABA levels may be altered during development as well as by drugs and disease states, these findings help expand our understanding of how different modes of GABAergic signalling regulate brain function in vivo.
